1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 To investigate the effects of raffinose and encapsulated Bifidobacterium breve JCM 1192 T cells administration on rat cecal microbiota, as a preclinical synbiotic study, groups of male WKAH/Hkm Slc rats were fed for three weeks with four different test diets: basal diet (BD), BD supplemented with raffinose (RAF), BD supplemented with encapsulated B. breve (CB), and BD supplemented with both raffinose and encapsulated B. breve (RCB). The bacterial populations of cecal samples were determined by fluorescence in situ hybridization (FISH) and terminal restriction fragment length polymorphism (T-RFLP). B. breve cells were detected only in the RCB diet group and represented about 6.3% of the total cells as determined by FISH analysis. The presence of B. breve was also detected only in the RCB group by T-RFLP analysis. This was in contrast to the CB group in which no B. breve signals were detected by either FISH or T-RFLP. Increase of the population of Bifidobacterium animalis, an indigenous Bifidobacterium of the rat, was observed in the RAF and RCB groups. Principal component analysis of T-RFLP results revealed significant alterations in the bacterial populations of rats in the RAF and RCB groups; the population in the CB group was similar to that of the control (BD) group. To the best of our knowledge, these results provide the first clear picture of the changes of rat cecal microbiota in response to the synbiotic administration.
JCM 1192 T grew better on raffinose than on the other fermentable sugars tested. Therefore, raffinose was chosen as suitable carbon source in combination with encapsulated B. breve JCM 1192 T . Although this mixture, i.e. raffinose and encapsulated B. breve JCM 1192 T , has not yet been demonstrated as a synbiotic in accord with Gibson and Roberfroid's definition (17), we sometimes call this mixture "synbiotic" for simplicity and clarity in the text.
Similarly, encapsulated B. breve JCM 1192 T is tentatively referred to as "probiotic". Rat experiment was designed in four groups (control, prebiotic, probiotic and synbiotic). Two molecular techniques, fluorescence in situ hybridization (FISH) (4) and terminal restriction fragment length polymorphism (T-RFLP) analyses (31, 29) were applied for the first time to monitor rat microbiota alteration in synbiotic experiment. As the result, proliferation of B.
breve JCM 1192 T was successfully observed only in synbiotic group. Furthermore, we have analyzed other members of rat microbiota and determined organic acids content in cecum to obtain more comprehensive picture of the changes of rat intestinal microbiota. We believe these results can provide the first clear picture of microbiota changes in rat cecum upon administration of synbiotic, and can add fundamental knowledge to rat intestinal microbiology. in a known volume of 50% (v/v) ethanol/PBS at -20°C until use. Aliquots of 3 µl of fixed cells were applied to Teflon printed glass slides (ADCELL, 12 wells, 5 mm in diameter, Erie Scientific Company, Portsmouth, N.H.) and air-dried. The cells were then dehydrated through a series of 50%, 80%, and 99.5% ethanol for 3 min each. The cells fixed on the glass slides were hybridized by addition of 8 µl of hybridization buffer (0.9 M NaCl, 0.01% SDS, 20 mM Tris-HCl, 20% deionized formamide, pH 7.2) with 1 µl of Cy3-labeled oligonucleotide probe at 25 ng/µl (Tsukuba Oligo Service Co., Ltd., Tsukuba, Japan). The slides were hybridized at 46°C for 16 h in a moist chamber. After hybridization, the slides were rinsed with warm hybridization buffer at 48°C and washed in pre-warmed washing buffer (225 mM NaCl, 0.01% SDS, 20 mM Tris-HCl, pH 7.2) for 20 min at 48°C. The washed slides were stained with DAPI (4', 6-diamidino-2-phenylindole dihydrochloride nhydrate) solution for 5 min at room temperature to stain the chromosomes as a control signal.
The slides were washed with distilled water for 5 min at room temperature and air-dried in the dark. The dried slides were mounted with Vectashield (Vector Laboratories Inc., Burlingame, Calif.) and examined under an Olympus BX50 epifluorescence microscope (Olympus Corporation, Tokyo, Japan) equipped with a SenSys CCD camera (Photometrics Ltd., Tucson, Ariz.) operated by the IPLab software (Scanalytics, Inc., Fairfax, Va.). DAPI and Cy3 signals were captured in pairs of ten to fifteen random microscopic fields (about 500 cells per microscopic field). Hybridization images were manually counted and were colorized when necessary using Adobe Photoshop 5.5 (Adobe Systems Incorporated, San Jose, Calif.).
Specific signals from the probes are represented as average percentages of the total cells visualized by DAPI signals in the same microscopic field.
Oligonucleotide probes. The oligonucleotide probes and their target microorganisms used in this study are shown in Table 1 ; the target region alignment of PBR2 and Bani449 (newly created in this study) is shown in Fig. 1 Therefore, we used unlabeled oligonucleotides (helper probes), which were complimentary to the up-and downstream regions neighboring the probe target site on the 16S rRNA, to increase the target accessibility for the probes as suggested by Fuchs et al. (14) . The sequences of these helper probes are also shown in Table 1 . Indeed the hybridization efficiencies of PBR2 and Bani449 were significantly increased in both target strains by the application of these helper probes (data not shown). The μ values measured (mean±SD, where n=2) on carbon sources tested were 0.45±0.02 (glucose), 0.65±0.02 (raffinose), and 0.64±0.08 (kestose), while sucrose and nystose were not at all assimilated by this strain. Therefore, raffinose was chosen as a prebiotic for this bacterium.
Animal experiments. All rats were healthy and alive until the day on which they were sacrificed. The pH value of the cecal contents of rats in the BD group (control) was significantly higher (8.1 ± 0.1) than those of rats in the RAF and RCB groups (6.8 ± 0.1 and 7.0 ± 0.2, respectively); the pH value of the cecal contents of CB rats was not different from that of BD rats (Table 2) . Cecal samples from RAF and RCB rats were yellow; BD and CB cecal samples were brown-green. In addition, the cecal content weight of rats in the RAF and RCB groups were significantly greater than those of rats in the BD and CB groups (Table 2) .
To confirm the reproducibility of the results, we have conducted the second trial and obtained the similar results (data not shown). Table 2 , the amounts of lactic and acetic acids in RAF and RCB cecal samples were significantly higher than those in BD and CB cecal samples. However, the amounts of butyric, isovaleric, and valeric acids in the cecal samples from the RAF and RCB groups were significantly lower than those in control samples due to the effect of raffinose in the diets. The amounts of propionic and succinic acids were significantly higher in CB and RCB, respectively, than those in BD.
As shown in
FISH analysis of microbiota in the cecal samples. FISH was performed to enumerate the total and the target bacterial populations (Table 3 ). The total bacterial populations of each group were slightly different (ca. 1.74 -2.19 x 10 10 cells/g wet weight, DAPI signal), and the ratio of the total bacteria (probe Eub338) to the total cells (DAPI) was decreased from about 90% in the BD and CB groups to about 85% in the RAF and RCB groups. The cell morphologies of the predominant bacteria were different among the samples ( Fig. 2 ). Long curved rods were the major forms in the BD and CB groups, while RAF and RCB samples contained short rods. The second trial gave the similar results (data not shown). Table 3 , at 23.9% of the total cell count, the Clostridium coccoides and and 19.5%, respectively, of the total population. These proportions were significantly higher than those in BD rats (0.2% and 0.4%, respectively). Signals from Clostridium histolyticum group (probe Chis150) were slightly higher in RAF samples (1.2%) than in control samples (0.3%). RAF rats showed the highest proportion of streptococci and lactococci (probe Strc493) among all diet groups, although these bacteria did not account for more than 1.5% of the total population. CB rats showed no significant population differences from control rats, although the proportions of Clostridium coccoides and Eubacterium rectale group were slightly increased (29.7%). No B. breve (probe PBR2) signals were detected in CB rats even though the target strain was contained in the CB diet. RCB rats showed nearly the same proportion of Clostridium coccoides and Eubacterium rectale group (23.2%) and Bacteroides group (2.5%) as BD rats. The proportion of Lactobacillus group was higher in RCB rats (2.8%) than in BD rats (0.2%), but lower than in RAF rats (7.2%). A striking feature of the RCB group was the large proportion of bifidobacteria, which at 25.4% of the total DAPIstained cells (corresponding to 29.4% of the total cell count using the probe Eub338) was the highest value of all the samples. B. breve, the administered bacterial strain, represented 6.3% of the total DAPI-stained cells (7.3% of total cell count using the probe Eub338) as detected using the PBR2 probe with its helpers. By the isolation of bifidobacteria using TOS Propionate Agar and 16S rRNA gene sequencing (data not shown), the bifidobacteria found in RAF rats and present in RCB rats along with B. breve JCM 1192 T were shown to be Bifidobacterium animalis. In addition, a newly designed B. animalis-specific probe (probe Bani449) was used in this study. This species represented a significant proportion of the population, accounting 20.5% and 18.5% of the total populations in RAF and RCB rats, respectively. The second trial also gave the similar changes in the population of total bifidobacteria, B. breve and B. animalis confirming the reproducibility of the bifidobacterial responces (data not shown).
The increase in number of cells of the administered strain was strictly dependent on raffinose (Table 3) . These results strongly support the synbiotic concept. Two-way ANOVA suggested that most of the alterations in the bacterial populations, particularly the increases in lactobacilli and bifidobacteria, were significantly influenced by the inclusion of raffinose in the diets. animalis was detected in the RAF and the RCB groups (Fig. 3) . The T-RFLP electropherogram revealed that B. breve was present only in the RCB group and that it accounted for about 3.3 to 6.0% of the total peak area, as shown in Fig. 3 . Although peak areas do not represent the actual population proportions of bacteria of interest, these data confirmed the existence of B. breve in the expected cecal samples.
According to the alignment of the T-RF peak-set, seven peak-sets were common to the four groups, although in different proportions. Approximately 29 peak-sets present in the control (BD) group were not found in the RAF or RCB groups; two of the indigenous peaksets had relatively smaller areas in the BD group than in the RAF and RCB groups (data not shown). On the other hand, about 16 peak-sets were newly detected in the RAF and RCB groups, and two indigenous peak-sets had relatively greater areas than the corresponding peak-sets in the BD group (data not shown).
Then, we performed PCA, an advanced statistical technique, to reveal the variancecovariance structure of the T-RF patterns among all samples (Fig. 4) . A total of 209 fragments from three restriction enzyme digests (HaeIII, 54 fragments; HhaI, 82 fragments;
and MspI, 73 fragments) were included in the analysis. We found that the correlation of variance was comprised of two principal components and the yield cumulative sum of squared loading (variance) was 97.3%. The spots representing the RAF and RCB groups were separated from the spots for the BD and CB groups on the PC1 axis (82.8%). This suggested that the first principal component (PC1) separates samples based on the presence of raffinose in the diet and constitutes a major factor in bacterial population alterations (Fig. 4) . Spot of the CB group was close to that of the BD group, while those of the RAF and RCB groups were significantly separated from each other on the PC2 axis (14.5%). The second principal component (PC2) appeared to separate samples based on the presence of B. breve in RCB group.
DISCUSSION
Rat/mouse intestinal microbiota consists of complex bacterial communities, which is confirmed by culture methods and 16S rRNA gene clone library analyses (24, 37, 46). In FISH analysis, we focused on Bacteroides, Bifidobacterium, Clostridium, Eubacterium, Lactobacillus, and Streptococcus, which are reported as the member of rat/mouse intestinal microbiota (37, 38, 46) . Six sets of genus/group-specific oligonucleotide probes identified about 29-55% of DAPI-stained cells and about 32-64% of active bacterial cells (Eub338) in the rat cecal communities (Table 3 ). The relatively high proportions of "unidentified bacteria" (about 45-71%) in Table 3 seemed to be due to the presence of large population of uncharacterized bacterial group called "fusiform-shaped anaerobic bacteria" in murine microbiota (10, 39) . This group of bacteria is morphologically rather unique as being long curved rods with sharp thin ends (39) , and can be seen among microbial population in BD and CB groups (Fig. 2ac) .
The bifidobacteria were found to dominate the cecal microbial community in the RCB (synbiotic) group (Table 3) by FISH analysis (Fig. 2d, Table 3 ), and was also confirmed by T-RFLP analysis (Fig. 3 ). Raffinose administration alone (RAF) appeared to induce a marked increase in indigenous bifidobacteria and lactobacilli (Table 3) . This bifidobacteria was identified as B.
Successful proliferation of administrated
animalis by FISH and T-RFLP analyses. Although the presence of B. animalis in rat intestine has been reported long time ago (40) , the population of this bacterium in rat intestine has not been reported precisely. This study showed for the first time using molecular ecological methods that B. animalis exists as a minor member in rat cecum (0.2%) and can be boosted up to about 20% of the microbiota on raffinose administration. The increases in Bifidobacterium and Lactobacillus populations in RAF and RCB groups corresponded to the increased production of acetic and lactic acids and the decreased pH values of the cecal contents (Table   2 ).
Interestingly no proliferation of B. breve JCM 1192 T was observed in CB group in contrast to RCB group (Table 3) . This may be explained by the fact that this bacterium lacks the ability to utilize sucrose that is contained in large amounts in rat basal diet (602.5g/kg diet). On the other hand, B. breve can utilize glucose and fructose (data not shown), which are the hydrolysate products of sucrose. Thus, we can also expect that there was a good chance for B. breve to be fed by sucrose hydrolysate (glucose and fructose) in rat intestine.
Since, we did not observe any proliferation of B. breve cells in CB group, our results (B. breve FISH analysis can provide information on bacterial populations at the genus, group, and even species levels in terms of identification and enumeration (4). However, limited range of oligonucleotide probe set prevents us from obtaining whole picture of microbial population in rat cecum. Therefore, we performed PCA to distinguish the bacterial communities in the rat cecal contents based on T-RFs profiles (Fig. 4) . The purpose of PCA is data reduction, which allows data interpretation through a few linear combinations of the original variables (treatments). PCA confirmed the differences of rat microbiota in CB and RCB based on T-RFLP profile. Composition of microbiota in CB was more similar to BD, indicating that probiotic administration only was not enough to modulate the bacterial population. When synbiotic was applied, the significant changes of bacterial population were observed along with the proliferation of B. breve as also confirmed by FISH analysis. These analyses led to the conclusion that application of synbiotic is necessary for the target strain, B.
breve JCM 1192 T , to proliferate in rat cecum. for microbiota analysis. In most cases, however, culture-based methods were applied using selective-agar medium for counting the numbers of bacteria in fecal and cecal samples (6, 8, 28, 32, 44) . Selective medium is sometimes not selective or too selective for target bacteria in microbiota analysis (5). Thus, the culture-based methods are not suitable to distinguish the administered bacteria from similar group of bacteria, thereby allowing only group-level analysis. In addition, it has been shown that only about 20-30% of microorganisms in human intestines are culturable (42) . Hence, the reliability of the culture-based methods is judged to be rather low. Besides these technological obstacles, many studies lack control experiments such as probiotic or prebiotic alone (7, 19, 20, 21, 22, 32, 44) , making the interpretation of the synbiotic results not conclusive.
In contrast to these previous reports, our work may provide the first clear demonstration of the microbiological aspects of the synbiotic effects in rat intestinal microbiota. First of all, we have quantitatively monitored the proliferation of administered strain at the species level and analyzed the other group of bacteria using FISH method. In addition, T-RFLP technique was applied to confirm FISH results and to compare whole microbiota between the experimental groups. These two molecular methods were applied for the first time to microbiota analysis in synbiotic experiment. As a potential probiotic we have employed B. breve JCM 1192 T the carbon source utilization of which is well characterized.
Analysis of complete set of treatment groups (BD, RAF, CB and RCB) was conducted.
Organic acids as the indicator of the microbial activity were also analyzed. All these experimental design made precise analysis and interpretation of the obtained data possible.
Although complex nature of human diet, availability of raffinose in human intestine seems relatively low. Raffinose is found in food legumes at relatively high content (up to about 2%), but this amount was reduced significantly during food processing (34). Therefore, 
